ABSTRACT Many genetic factors influence the growth and feed intake of birds. In the current study, we evaluated the association of 8 previously reported SNP in the chicken leptin receptor (LEPR) gene with BW, BW gain (BWG), feed intake (FI), and feed conversion ratio (FCR). Four SNP with a very low minor allele frequency were removed by genotype quality control. The experimental population consisted of 796 pedigreed males from 2 genetically unrelated yellow meat-type chicken strains, 335 chickens from N202, and 461 chickens from N301. The BW at 49 (BW49) and 70 d of age (BW70) and FI (from 49 to 70 d of age) were measured individually. The BWG and FCR were calculated based on BW and FI in the interval between 49 to 70 d. The results indicated that rs14657336, rs13684613, rs13684615, and rs13684616 were found in strong linkage disequilibrium. This linkage disequilibrium block was significantly associated with BW49 (P < 0.05), BW70 (P < 0.05), and FI (P < 0.05) in the N202 strain, and FCR (P < 0.01) in the N301 strain, respectively. In addition, the GTACGTAC diplotype had the highest BWG and FI in both strains. The association revealed in this study suggests the need for further functional study on the role of LEPR gene in regulating feed intake and FCR of chickens.
INTRODUCTION
Improving feed efficiency is a major factor in reducing the costs of poultry production and the environmental impact of chicken production (de Verdal et al., 2011 ). Yet, feed constitutes about 70% of the total cost of producing poultry meat. Therefore, producing the same quantity of meat with less feed improves the efficiency of the production system (zhang and Aggrey, 2003) . Many factors could reduce feed intake (FI) of chickens and consequently affect feed efficiency traits such as BW, BW gain (BWG), and feed conversion ratio (FCR; Ferket and Gernat, 2006) .
In mammals, the leptin hormone has been shown to play an important role in the regulation of FI (Elmquist et al., 1998) . Tests based on antibody-antigen interactions enable detection of leptin or at least leptinlike protein (Dridi et al., 2000; Kochan et al., 2006; Quillfeldt et al., 2009; Kordonowy et al., 2010) , and the effect of signal saturation of leptin on reducing FI in chickens has been demonstrated by intraperitoneal injection of recombinant chicken leptin (Dridi et al., 2000; Ohkubo and Adachi, 2008) . Immunization against leptin in chickens has been found to mimic the loss of leptin bioactivity leading to increased FI, BWG, and fat deposition (Shi et al., 2006) . But the existence of a leptin homolog in birds is still controversial. Some researchers failed to confirm its existence and deny leptin expression in birds (Friedman-Einat et al., 1999; Ninov et al., 2008; Yosefi et al., 2010) . Pitel et al. (2010) have proposed that the gene encoding leptin has been lost during the course of evolution. However, many articles have reported the presence of leptin and the sequencing of a leptin gene in chickens (Taouis et al., 1998; Ashwell et al., 1999; Kochan et al., 2006; Quillfeldt et al., 2009) . Likewise, the leptin-induced activation of the JAK-STAT pathway (the main signaling pathway initiated by leptin in mammals) has been elucidated in chickens Adachi et al., 2013) .
The leptin receptor gene (LEPR), which mediates physiological functions of leptin, has been cloned and sequenced for chicken (Horev et al., 2000; Association of leptin receptor gene polymorphisms with growth and feed efficiency in meat-type chickens Liu et al., 2007) , and it seems that the avian LEPR is quite similar to the mammalian receptor in its structure and binding properties. The chicken LEPR is located on chromosome 8 and the mRNA of LEPR is mainly located in the brain and ovaries and to a lesser extent in the liver, kidneys, and intestine (Horev et al., 2000; Ohkubo et al., 2000) . LEPR belongs to the class I cytokine receptor superfamily that shares common structural features and signal transduction pathways (Tartaglia et al., 1995) . LEPR activates the JAK-STAT signaling pathway and plays an important role in regulating body energy storage and metabolism Hen et al., 2008; Adachi et al., 2013) . In humans, LEPR mutations have been found to be associated with obesity and type 2 diabetes (de Luis Roman et al., 2006; Lu, 2007) . Likewise, the rs9436746 polymorphism in a LEPR intron was associated with excess weight in humans (Bender et al., 2011) . In cattle, LEPR mRNA abundance was increased by acute feed restriction (Murdoch et al., 2005) . Also, knockdown of LEPR in neurons of the medial nucleus tractus solitarius and the area postrema of rats resulted in significant hyperphagia (Hayes et al., 2010) . Therefore, analysis of LEPR polymorphisms could be useful to understand weight gain variation and feed efficiency in chickens. Many studies concerning the relationship between LEPR polymorphisms and BWG have been conducted in rodents and humans (Banks and Farrell, 2003; Park et al., 2006) . But there is little published work on association studies of LEPR with BWG, FI, and FCR in meat-type chickens. In China, meat-type chickens include 2 major categories: the fast growing white feathered broilers and those very diverse, yellow feathered local breeds. The objective of this study is to evaluate the association of 10 previously reported SNP in the chicken LEPR with BW, BWG, FI, and FCR in 2 yellow meat-type strains.
MATERIALS AND METHODS

Birds and Trait Measurements
In the current study, we used the same population as in Jin et al. (2013) . The population consisted of 796 pedigreed males from the 22nd generation of 2 yellow meat-type chicken strains N202 and N301 with pedigree information of 3 generations (G 20 to G 22 ), 335 birds for N202 and 461 birds for N301. The 2 strains were originated from genetically unrelated sources and were selected as closed populations depending on the appearance, growth, and carcass traits in each generation. In the experiment, all the birds were picked from a single hatch, raised indoors, and fed ad libitum over the whole experiment duration. The feeding protocol was provided by Wens Nanfang Poultry Breeding Corporation, and the nutrition component of the experimental chicken's ration are presented in Supplemental Table S1 (http://dx.doi.org/10.3382/ps.2013-03674). At 42 d of age, the birds were relocated into individual cages with the size of 25 × 40 × 45 cm. The BW at 49 (BW49) and 70 d of age (BW70) and FI (from 49 to 70 d of age) were measured individually. The BWG and FCR were calculated based on BW and FI in the interval between 49 to 70 d. At the end of the experiment, we maintained 724 chickens (439 from N301 and 285 from N202) to be used in the association study of LEPR polymorphisms with BWG, FI, and FCR, and we eliminated 72 birds due to their incomplete phenotypic or genotypic data.
Genotyping
The standard phenol-chloroform method was used to extract chicken genomic DNA from the blood samples, and a NanoDrop spectrophotometer (GE Healthcare Life Sciences, Uppsala, Sweden) was used to quantify it. Concentrations were 2 to 10 ng/μL. Eight SNP in LEPR were singled out from the University of California-Santa Cruz SNP database (http://genome.ucsc. edu/cgi-bin/hgGateway). Two PCR primers and 1 extension primer were designed for each SNP (Table 1) . Genotyping of the samples was realized using matrixassisted laser desorption-ionization time-of-flight massspectrometry (MALDI-TOF MS) on the Mass ARRAY iPLEX Platform (Sequenom, San Diego, CA).
Statistical Analysis
The SNP were first tested for allele frequency within each strain by the chi-squared test. The SNP that devi- ated from Hardy-Weinberg equilibrium were removed from further analysis. The SNP with a genotype call rate <85% and minor allele frequency <1% over all individuals in both strains were also removed from further analysis. The linkage disequilibrium (LD) was tested using the Haploview Program (Barrett et al., 2005) . Pairwise LD between SNP was assessed using the Lewontin D′ statistic and squared correlation statistic r 2 . The D′ > 0.8 and r 2 > 1/3 indicate sufficiently strong LD (Ardlie et al., 2002; Grunau et al., 2006) . The genotype data of SNP in strong LD were used to infer haplotypes using Simwalk2 software (Sobel and Lange, 1996) . The GLMM procedure in SAS version 9.1 (SAS Institute Inc., Cary, NC) was used to perform the association of haplotypes with BW, BWG, FI, and FCR in each strain. Testing correction for all probabilities was performed by false discovery rate. The model was as follows:
where Y ijk represents the observed values of the traits, μ is the population mean, G j is the fixed effect of haplotype, F k is the random effect of family, and e ijk are the residuals.
RESULTS AND DISCUSSION
In the current work, 8 SNP in coding regions of LEPR were screened. Four SNP with a very low minor allele frequency were deleted in genotype quality control. The remaining 4 SNP were detected as polymorphic with a minor allele frequency >1% and genotype call rate >85%. In addition, the allele frequencies were in Hardy-Weinberg equilibrium in both strains ( Table  2 ). The descriptive statistics for growth and feed efficiency in two meat-type chicken strains are given in Supplemental Table S2 (http://dx.doi.org/10.3382/ ps.2013-03674).
LD Analysis and Haplotype Reconstruction
To further define the haplotype structure of LEPR, LD blocks were analyzed within each strain using the Haploview program (Barrett et al., 2005) . The measures of pairwise LD are shown in Table 3 ; D′ ranges between 0.92 and 1.00 and r 2 ranges between 0.82 and 1.00 in the N202 strain, whereas D′ equals to 1.00 and r 2 ranges between 0.34 and 1.00 in N301. According to the criterion mentioned above (D′ > 0.8 and r 2 > 1/3), strong LD was detected among the 4 SNP (rs14657336, rs13684613, rs13684615, and rs13684616) in both strains. Considering the SNP in strong LD as a whole, we reconstructed haplotypes from the population genotype data for these 4 SNP. Major haplotypes with frequencies >1% and major diplotypes with frequencies >0.5% are shown in Table 4 . Three haplotypes (ACCT, GTAC, and ACCC) were found in both strains N202 and N301, accounting for ≥90% of total haplotypes scored in each strain. Furthermore, 4 diplotypes (ACCTACCT, ACCTGTAC, GTACGTAC, and ACCCACCT) were found in both strains and their frequencies were >85% in each strain. 
Association of Haplotypes with Growth and Feed Efficiency
Multiple-marker haplotype analysis is a powerful tool to solve the problems of single-marker analysis, such as noisy and obscured important localization information (Daly et al., 2001) . In this study, haplotypes for the strong LD block based on rs14657336, rs13684613, rs13684615, and rs13684616 were reconstructed. Because these 4 SNP are in a strong LD block, it is more pertinent to analyze the LD block as whole. The results indicated that this LD block was significantly associated with BW49 (P < 0.05), BW70 (P < 0.05), and FI (P < 0.05) in the N202 strain, and FCR (P < 0.01) in the N301 strain, respectively (Table 5 ). For the N202 strain, the ACATGTAC diplotype had the significantly (P < 0.05) lower BW49, BW70, and FI compared with other diplotypes, whereas the GTACGTAC homozygotes had the highest phenotypic values for these traits. In addition, the ACCCACCC diplotype had the significantly (P < 0.05) lower FCR in the N303 strain.
In this study, diplotypes in LERP were associated with different traits in 2 strains. The results suggested that haplotype effects were strain-specific. An explanation for this might be the differences of background genome among strains (Ye et al., 2006) . The strains used in the current study were distinct. Interactions between a given candidate gene and the genetic background can vary with strain, and the expression of the same gene may differ among strains (Ye et al., 2006) . Interestingly, the GTACGTAC diplotype had the highest BWG and FI in both strains, indicating that, for the LD block identified in the current study, it may have similar favorable genetic effects in different genetic background.
In an earlier study, Wang et al. (2006) concluded that LEPR might be a major gene affecting the fatness traits or linked to the major gene. In pigs, polymorphisms of LEPR were associated with backfat thickness and intramuscular fat content (Ovilo et al., 2002) . In humans, LEPR has received widespread attention in the search for variants that could be important in the pathophysiology of human obesity. Polymorphisms in LEPR were associated with insulin and glucose metabolism and leptin signaling in humans (Wauters et al., 2001; Bienertova-Vasku et al., 2008; Ben Ali et al., 2011) . The current study provided new information for the effects of LEPR in chickens.
In summary, 4 SNP in LEPR were found in strong LD. By association analysis, the LD block based on these SNP was found significantly associated with BW49, BW70, and FI in the N202 strain, and FCR in the N301 strain, respectively. In addition, GTACGTAC was the most favorable diplotype for BWG and FI in both strains. To use these haplotypes efficiently as po- a-c Among diplotypes for each trait, means without a common superscript differ (P < 0.05). 1 BW49 = BW at 49 d of age; BW70 = BW at 70 d of age; BWG = BW gain from 49 to 70 d of age; FI = feed intake in the interval; FCR = feed conversion ratio in the interval.
2 P-value for association analysis between diplotypes and phenotypic traits.
*P < 0.05; **P < 0.01. tential molecular genetic markers in yellow meat-type chicken breeding, further studies are required to properly characterize the robustness of the associations of the polymorphisms of LEPR with growth and feed efficiency in large populations. In addition, more studies on the polymorphisms and function of LEPR as related to chicken body fat are required to improve carcass quality and reduce fat content without prejudicial effects on the genetic gains already obtained.
